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Introduction {#sec001}
============

The German cockroach, *Blatella germanica*, is a widespread urban pest of medical and economic importance. *B*. *germanica* is a known or suspected mechanical vector of numerous enteric bacterial pathogens \[[@pone.0207985.ref001]--[@pone.0207985.ref005]\] and is also a significant contributor to allergic asthma disease \[[@pone.0207985.ref006]--[@pone.0207985.ref007]\]. The saliva, feces and shed cuticle of the German cockroach contain several potent allergens that have been detected at concentrations associated with allergic sensitization and asthma morbidity in 10--13% of U.S. homes \[[@pone.0207985.ref008]\]. Due to growing concerns regarding the development of resistance to commonly used insecticides in field populations \[[@pone.0207985.ref009]\], the improvement of current tools for the management of cockroach infestations is an ongoing research priority.

The use of antibacterial treatments has the potential to facilitate control of a range of insects. Most arthropod species have evolved intricate relationships with symbiotic bacteria and depend on microbes for reproduction, development, metabolism, and immunity, to some extent \[[@pone.0207985.ref010]\]. Disrupting these commensal bacteria can have adverse effects on insect physiology resulting in death or reduced fitness. For example, direct mortality was observed in adult tsetse flies fed a blood-meal containing the antibiotic tetracycline as well as in lice fed four different antibiotics \[[@pone.0207985.ref011]--[@pone.0207985.ref012]\]. On the other hand, elimination of *Wigglesworthia glossinidia* from tsetse flies by oral provisioning of tetracycline reduced fecundity and pupal emergence of F1 offspring, while elimination of *Sodalis glossinidius* with streptozotocin reduced the longevity of the offspring \[[@pone.0207985.ref013]\]. Similarly, pea aphids fed rifampicin had shorter adult lifespans and reduced production of F1 offspring relative to controls \[[@pone.0207985.ref014]\]. In the omnivorous American cockroach, removal of symbiotic bacteria from the gut with metronidazole reduced weight gain in developing nymphs \[[@pone.0207985.ref015]\]. The removal of bacterial symbionts can not only affect insect lifespan and fecundity, but may also impact insecticide resistance \[[@pone.0207985.ref016]\]. Specifically, in both the bean bug, *Riptortus pedestris*, and oriental fruit fly, *Bactrocera dorsalis*, insecticide resistance has been attributed to the production of detoxification enzymes by Proteobacteria located in the midgut and antibiotic treatments can restore susceptibility to resistant individuals \[[@pone.0207985.ref017]--[@pone.0207985.ref018]\].

The German cockroach harbors a diverse microbiota. The primary cockroach symbiont, *Blattabacterium cuenoti*, is a vertically transmitted intracellular bacterium found at high titers in specialized cells of the fat bodies of all German cockroaches. During the nymph stage, the endosymbiont migrates to the ovaries and eventually becomes incorporated into developing oocytes, resulting in transmission from mother to offspring \[[@pone.0207985.ref019]\]. In addition, the gut microbiota of the German cockroach was recently characterized and found to be comprised primarily of Bacteroidetes, Firmicutes, Fusobacteria, and Proteobacteria \[[@pone.0207985.ref020]\]. This dynamic microbial community, which changes throughout development from nymph to adult, is thought to be acquired horizontally from the environment and diet, as well as vertically through the consumption of feces (coprophagy) from other members of a colony \[[@pone.0207985.ref020]--[@pone.0207985.ref023]\]. In both *B*. *germanica* and the related Panchlora cockroach, the microbial community also differs dramatically across sections of the gut \[[@pone.0207985.ref024]--[@pone.0207985.ref025]\].

Prior studies of multiple cockroach species have investigated the effects of the microbiota on host physiology, implicating commensal microbes in nutrient provisioning and metabolism, development, immunity, and aggregation behavior \[[@pone.0207985.ref015], [@pone.0207985.ref025]--[@pone.0207985.ref029]\]. However, the phenomenon of symbiont-mediated resistance has not been explored in *B*. *germanica*. Here, we sought to determine how the microbiota is involved in the development of insecticide resistance and the propagation of these traits through German cockroach populations using antibiotic treatments. Our results indicate that commensal gut bacteria are involved in physiological resistance to insecticide and support a role for both fat body and gut microbial communities in the regulation of reproductive life history traits that may contribute to the establishment of resistance at the population level.

Materials & methods {#sec002}
===================

Cockroach strains and maintenance {#sec003}
---------------------------------

Three strains of German cockroach (*Blatella germanica*) were used in our experiments. The susceptible Orlando normal strain (ORL), which was colonized prior to the widespread use of insecticides (\>60 years ago), was maintained without insecticide selection \[[@pone.0207985.ref030]\]. Further, an indoxacarb-resistant field strain (DE) was collected from Destin, FL in 2011 and subsequently maintained in the laboratory without insecticide selection. A portion of this field-collected colony was also separated and maintained under indoxacarb bait selection pressure by periodic treatment with Advion cockroach gel bait containing 0.6% indoxacarb (Syngenta, Basel, Switzerland), as previously described \[[@pone.0207985.ref009]\]. This strain was termed DEA. All cockroaches were reared in 15 x 9 inch plastic arenas held in environmentally controlled rooms at 27 C and 45% relative humidity on a 12:12 light:dark cycle. Insect colonies and experimental insects were provided with cardboard harborages, water, and dog chow (Purina, St. Louis, MO) unless otherwise indicated.

Antibiotic and insecticide treatments {#sec004}
-------------------------------------

For analyses of the effects of bacteria on insecticide resistance **(Figs [1](#pone.0207985.g001){ref-type="fig"} and [2](#pone.0207985.g002){ref-type="fig"})**, the antibiotic doxycycline (Sigma Aldrich, St. Louis, MO) was provided in either a customized gel bait or in water, while indoxacarb was administered either in the same gel or topically for determination of the LD~50~. Gel baits for oral toxicity experiments **([Fig 1](#pone.0207985.g001){ref-type="fig"})** consisted of the following by weight: 48% ground chicken feed (Purina), 1% potassium sorbate, 0.5% agar, and either 0.5% doxycycline, 0.05% indoxacarb, or both, with the balance consisting of distilled water. Active ingredient doses were selected to both minimize effects on gel palatability and allow for maximum differentiation of mortality between resistant and susceptible insect strains. Baits were administered to experimental replicates of 50 healthy cockroaches (15 males, 10 females, 25 nymphs/group) in plastic arenas under standard conditions and mortality was assessed over a period of 4 days. Mortality curves were compared by two-way ANOVA using GraphPad Prism 5 (Graphpad Software Inc., La Jolla, CA).

![Doxycycline increases oral insecticide toxicity in resistant cockroaches.\
**(A)** Resistant, bait-selected DEA cockroaches, **(B)** Resistant DE cockroaches, and **(C)** susceptible ORL cockroaches were exposed to customized gel baits containing 0.05% indoxacarb, 0.5% doxycycline, or a combination of both, and mortality was assessed over a period of 4 days. N = 3 replicates of 50 insects.](pone.0207985.g001){#pone.0207985.g001}

![Doxycycline does not affect topical insecticide toxicity.\
Male cockroaches of the resistant, bait-selected DEA strain were topically treated with various doses of indoxacarb in acetone and mortality was assessed over a 24-hour period. The LD~50~ was determined by nonlinear regression analysis in cockroaches treated with insecticide only (circles) and cockroaches pre-treated with 0.5% doxycycline for 7 days prior to insecticide treatment (squares). N = 20 insects per treatment.](pone.0207985.g002){#pone.0207985.g002}

For determination of the LD~50~ of topically applied indoxacarb **([Fig 2](#pone.0207985.g002){ref-type="fig"})**, healthy male cockroaches from the resistant DEA colony were pre-treated by adding 0.5% doxycycline to their water source for 7 days. Insects were then anesthetized on ice prior to applying 1 μL of acetone with either no insecticide (control), or one of a series of concentrations of indoxacarb (0.1μg-0.001μg/μL) that were chosen such that at least 3 concentrations would yield 1--99% mortality \[[@pone.0207985.ref009]\]. Applications were made to the ventral thorax between the coxae of 20 cockroaches for each concentration using a microapplicator (Hamilton, Reno, NV) equipped with a glass syringe. After application, insects were transferred into arenas and maintained under standard conditions. Mortality was examined after 24 hours and moribund cockroaches (those unable to right themselves when on their back) were counted as dead in our analyses. The LD~50~ was determined by nonlinear regression analysis using GraphPad Prism 5.

Microbiota sequencing {#sec005}
---------------------

Sequencing of the cockroach microbiota **([Fig 3](#pone.0207985.g003){ref-type="fig"})** was carried out at Molecular Research DNA Lab (Shallowater, TX, USA) using an Illumina MiSeq system (Illumina, San Diego, CA) according to the manufacturer's guidelines. For each strain or treatment group, whole guts (foregut, midgut, hindgut) were dissected from 6 male cockroaches using sterilized tools. Insects were starved of food for 24 hours to minimize non-stably associated bacteria and were rinsed with ethanol and sterile water immediately before dissection. Gut tissues from the 6 insects were pooled together to account for variation between individuals from the same treatment, though this is expected to be minimal given cockroach aggregation behavior \[[@pone.0207985.ref031]\]. DNA was extracted using the DNeasy Powersoil Kit (Qiagen, Hilden, Germany). Primers for the V4 variable region of the bacterial 16S rRNA gene with barcode on the forward primer \[[@pone.0207985.ref032]\] were used to conduct PCR using the HotStarTaq Plus Master Mix Kit (Qiagen). Cycle conditions were as follows: 94°C for 3 minutes, followed by 28 cycles of 94°C for 30 seconds, 53°C for 40 seconds and 72°C for 1 minute, after which a final elongation step at 72°C for 5 minutes was performed. Following PCR, products were checked in 2% agarose gels to verify successful amplification. The different samples were then pooled together in equal proportions based on their molecular weight and DNA concentrations. Pooled samples were purified using calibrated Ampure XP beads (Beckman Coulter, Brea, CA) and subsequently used to prepare a DNA library through the Illumina TruSeq DNA library preparation protocol.

![The gut microbiota varies among resistant and susceptible German cockroach strains.\
Whole guts from untreated cockroaches, or cockroaches continuously exposed to 0.5% doxycycline for 4 days were dissected and DNA was isolated for PCR amplification and sequencing of bacterial 16S rRNA genes. **(A)** Relative abundance of ASVs that were called to the taxonomic rank of Class. Taxa with \<1% relative abundance were grouped together as "other." **(B)** Alpha diversity Index (Shannon Index) of amplicon sequence variants (ASVs). **(C)** Hierarchical clustering analysis (beta diversity) of ASVs.](pone.0207985.g003){#pone.0207985.g003}

Analysis of sequencing data {#sec006}
---------------------------

16S rRNA sequencing reads were demultiplexed using MRDNA software ([http://www.mrdnafreesoftware.com](http://www.mrdnafreesoftware.com/)). Reads were then processed and assembled into amplicon sequence variants (ASV) using the most recent release of dada2 in R (<https://benjjneb.github.io/dada2/index.html>) \[[@pone.0207985.ref033]\]. Forward reads shorter than 240 base pairs and reverse reads shorter than 160 base pairs were discarded, as well as chimeric reads and any reads with more than 2 expected errors (see **[S1 Table](#pone.0207985.s005){ref-type="supplementary-material"}** for raw sequence statistics). Taxonomy was assigned using the dada2 formatted greengenes 13.8 training dataset (<https://zenodo.org/record/158955#.W61TS2hKist>) \[[@pone.0207985.ref034]\] and rarefaction analysis was done to confirm that sequencing captured all ASVs. Contaminating reads from the *Blattabacterium* genus, which were present due to small amounts of difficult to remove fat body tissue surrounding the dissected guts, were subsequently removed using the prune taxa function in phyloseq. Relative abundance plots were constructed using phyloseq and ggplot2 \[[@pone.0207985.ref035]\] and Pearson's chi-square testing was conducted to identify significant differences in distribution between samples at the class level. Shannon Index analysis of alpha diversity was performed using phyloseq and beta diversity analysis was performed using a complete-linkage hierarchical clustering model with the base R stats package, with Euclidean distance used as the distance metric for the dendrogram. Venn diagrams were generated using ggforce \[[@pone.0207985.ref036]\]. All raw sequencing reads associated with the manuscript were deposited into the NCBI Sequence Read Archive (SRA) under accession number SRP145206, BioProject: PRJNA470750

Fecal transplant {#sec007}
----------------

For fecal transplant experiments **([Fig 4](#pone.0207985.g004){ref-type="fig"})**, replicates of 50 insects of the susceptible lab strain (15 males, 10 females, 25 nymphs) were placed into arenas and pre-treated with 0.5% doxycycline by addition to their water source for 4 days. After 4 days, the antibiotic was removed and each arena received 1 gram of feces from a resistant, bait-selected colony, or from a susceptible colony (control). For the following 3 days, cockroaches were starved of food to promote the consumption of feces. Afterwards, dog chow was added to the arenas and cockroaches were allowed to recover from starvation for 24 hours before insecticide exposure. Insecticide treatments were carried out using customized gel baits as described above and survival curves were compared by two-way ANOVA using Graphpad Prism 5.

![Transplant of gut bacteria from resistant insects partially recapitulates resistance in susceptible cockroaches.\
**(A)** Schematic of experimental timeline for fecal transplant. **(B)** Susceptible cockroaches (ORL) transplanted with feces from a resistant, bait-selected colony (DEA) were exposed to baits containing 0.05% indoxacarb. Mortality was assessed over a period of 4 days and compared to cockroaches receiving a control transplant from their own susceptible colony. N = 3 replicates of 50 insects. **(C)** The relative abundance of bacterial ASVs that were called to the taxonomic rank of Class in susceptible cockroaches before (ORL) and after (ORL.F) fecal transplant from the resistant strain. Taxa with \<1% relative abundance were grouped together as "other." **(D)** Venn diagram of assigned taxa in susceptible cockroaches before (ORL) and after (ORL.F) fecal transplant from the resistant strain.](pone.0207985.g004){#pone.0207985.g004}

Incorporation of synergists into indoxacarb and antibiotic gel baits {#sec008}
--------------------------------------------------------------------

The insecticide synergists piperonyl butoxide (PBO), a cytochrome P450 monooxygenase inhibitor, and diethyl maleate (DEM), a glutathione-S-transferase inhibitor, were incorporated into customized gel baits at a final concentration of 0.25% using the aforementioned formulas containing indoxacarb and doxycycline **([Fig 5](#pone.0207985.g005){ref-type="fig"})**. Cockroaches were treated with these baits and mortality over a period of 4 days was recorded. Survival curves were analyzed by two-way ANOVA using GraphPad Prism 5.

![Inhibition of glutathione-S-transferase prevents the effect of doxycycline on indoxacarb toxicity.\
Resistant, bait-selected cockroaches (DEA) were exposed to customized gel baits containing indoxacarb (0.05%) +/- doxycycline (0.5%) and either **(A)** the glutathione-S-transferase inhibitor DEM, or **(B)** the cytochrome P450 monooxygenase inhibitor PBO. Mortality was assessed over a period of 4 days. N = 3 replicates of 50 insects.](pone.0207985.g005){#pone.0207985.g005}

Life history analysis {#sec009}
---------------------

Analyses of the effects of microbes on life history traits were performed on the susceptible ORL strain **([Fig 6](#pone.0207985.g006){ref-type="fig"})**. In control groups, individual oothecae (egg cases) were collected prior to hatching and placed into experimental areas under the standard conditions described above. Once the oothecae hatched, cockroaches were monitored at regular intervals and the time taken to reach adulthood was recorded. Cockroaches were also weighed at adulthood. After these measurements were taken, the insects were maintained in the same experimental containers until females developed mature oothecae. These oothecae were then collected, placed into new arenas individually, and the number of viable offspring produced from each ootheca was recorded. For comparison, the same measurements were taken from cockroaches that were continuously exposed to 0.5% doxycycline (Sigma Aldrich) by addition to their water source upon hatching. Development curves were analyzed by Mantel-Cox Log rank test, while adult weight and fecundity data were analyzed by t-test using Graphpad Prism 5.

![Disruption of the microbiota reduces the reproductive fitness of German cockroaches.\
**(A)** Time to adulthood (n = 14--38), **(B)** adult body size (n = 20), and **(C)** fecundity (n = 5--18) were measured in untreated cockroaches (black) and cockroaches continuously exposed to 0.5% doxycycline (blue). **(D)** *Blattabacterium* was detected by PCR in early nymphs (EN), late nymphs (LN), and adults (A) that were continuously exposed to doxycycline, but not in the offspring (O) of these cockroaches. Different letters within graphs indicate statistically significant differences between groups.](pone.0207985.g006){#pone.0207985.g006}

PCR {#sec010}
---

The presence of *Blattabacterium* throughout development in antibiotic-treated cockroaches was examined by PCR **([Fig 6](#pone.0207985.g006){ref-type="fig"})**. Single cockroaches were collected into Extract-N-Amp tissue preparation buffer (Sigma Aldrich) and homogenized using a pestle. DNA extraction was performed according to the manufacturer's protocol and 4 μL of extraction solution was used for amplification of insect or *Blattabacterium* sequences with Extract-N-Amp PCR ReadyMix on a MiniPCR system (Amplyus, Cambridge, MA). The primers and cycle conditions used were as previously described to amplify a 460 base pair fragment of the 16S RNA gene of *B*. *cuenoti* \[[@pone.0207985.ref037]--[@pone.0207985.ref038]\] or a 400 base pair fragment of insect mitochondrial DNA \[[@pone.0207985.ref039]\]. Amplified PCR products were verified by electrophoresis on 1% agarose gels using a bluegel integrated electrophoresis and visualization system (Amplyus). The experiment was replicated with 2 independent sets of cockroaches. Original images of gels used in the figure are presented in the supplementary material.

Results {#sec011}
=======

Antibiotic treatment enhances oral but not topical toxicity of indoxacarb {#sec012}
-------------------------------------------------------------------------

We began our investigation of microbe-mediated insecticide resistance in the German cockroach by examining the effects of antibiotic treatment on insecticide toxicity. Specifically, we first determined the outcome of combining doxycycline (0.5%) and the commonly used oxadiazine insecticide, indoxacarb (0.05%), in gel baits fed to 3 cockroach strains with differential levels of resistance **([Fig 1](#pone.0207985.g001){ref-type="fig"})**. In these experiments, neither blank gels containing only chicken feed nor gels containing doxycycline without indoxacarb caused any mortality, while gels containing indoxacarb alone led to variable mortality that corresponded with the resistance status of the strain being tested. More importantly, in the resistant, bait-selected DEA (**[Fig 1A](#pone.0207985.g001){ref-type="fig"}**, ANOVA, n = 3, P\<0.001) and resistant DE (**[Fig 1B](#pone.0207985.g001){ref-type="fig"}**, ANOVA, n = 3, P = 0.002) strains, gels containing a combination of doxycycline and indoxacarb elicited significantly higher mortality than the gels containing the insecticide alone. This was the case despite the addition of antibiotic slightly diminishing palatability and resulting in less bait consumption by the insects **([S1 Fig](#pone.0207985.s001){ref-type="supplementary-material"})**.

Unexpectedly, we did not observe the same mortality trend in the susceptible laboratory strain. In these cockroaches, the effects of the combination gel were not statistically different from those of the indoxacarb gel (**[Fig 1C](#pone.0207985.g001){ref-type="fig"}**, ANOVA, n = 3, P = 0.196). These results indicated that the impact of commensal microbes on insecticide resistance in the German cockroach is strain-dependent and not conserved across populations. One plausible explanation for the observed specificity is that microbe-mediated resistance is derived from microbial populations in the gut that may vary among cockroach strains. To test this hypothesis, we then examined the effect of antibiotic treatment on the toxicity of indoxacarb topically applied directly to the cuticle **([Fig 2](#pone.0207985.g002){ref-type="fig"})**. This approach bypassed the gut barrier that is encountered by insecticides delivered in bait and prevented interaction between indoxacarb and the gut microbiota. Doxycycline had no effect on indoxacarb toxicity when it was administered in this fashion. That is, in the resistant, bait-selected strain, topically applied indoxacarb was equally toxic to cockroaches that were pre-treated with doxycycline for seven days and those that received no antibiotic treatment (LD~50~ of 0.0276 μg/insect and 0.0263 μg/insect, respectively). These results were in direct contrast to data obtained in our oral toxicity experiments and further suggested that the impact of doxycycline on the oral toxicity of indoxacarb is dependent on antibiotic effects against microbial populations in the cockroach gut.

The gut microbiota differs among resistant and susceptible cockroach strains {#sec013}
----------------------------------------------------------------------------

To identify potential disparities among resistant and susceptible cockroaches that could explain the variable effect of doxycycline on indoxacarb toxicity, we next sequenced the gut microbiota of each strain under basal conditions, as well as after antibiotic treatment in the bait selected, resistant strain. Consistent with previous analyses \[[@pone.0207985.ref020]--[@pone.0207985.ref021], [@pone.0207985.ref023],[@pone.0207985.ref025]\], albeit with some deviation, the microbiota of our insects consisted primarily of Proteobacteria, Bacteroidia, Firmicutes (i.e. Bacilli, Clostridia) and Fusobacteria. The relative abundances of these taxa in the gut of German cockroaches can vary drastically among individuals from different locations, and even among individuals in a laboratory environment kept under different dietary regimes \[[@pone.0207985.ref021],[@pone.0207985.ref040]\]. In our samples, Gammaproteobacteria were prevalent due to the presence of what may be a non-*Blattabacterium* endosymbiont. Nonetheless, several differences in the remaining taxa were also observed between strains and treatment groups in our studies **([Fig 3A](#pone.0207985.g003){ref-type="fig"})**. Primarily, we found that alpha diversity was greater in resistant cockroaches than in the susceptible lab strain **([Fig 3B](#pone.0207985.g003){ref-type="fig"})** and these strains (DEA vs ORL) harbored a significantly different distribution of microbial taxa (chi-square, P\<0.001). Treatment with antibiotic (DEA vs DEA.Ab) reduced alpha diversity and significantly altered the distribution of microbial taxa (chi-square, P\<0.001), while selection with insecticidal bait (DE vs DEA) appeared to have minimal impact on diversity but still significantly altered the distribution of the taxa present (chi-square, P\<0.001). Only the resistant but not insecticide selected strain (DE) harbored Methanomicrobia and Verrucomicrobiae at an abundance \>1%, while the bait-selected strain (DEA) exclusively harbored Fusobacteria at an abundance \>1%, but only in the absence of antibiotic treatment. Clostridia and Deltaproteobacteria were noticeably lacking in susceptible cockroaches, as neither was present at a relative abundance \>1%. Additionally, the relative abundance of Bacteroidia was reduced in the susceptible strain. Treatment of the bait-selected, resistant strain (DEA) with doxycycline reduced the abundance of Deltaproteobacteria and Bacteroidia. In total, our beta diversity analysis showed that the communities of the resistant strains before and after bait selection were most similar and markedly dissimilar from the susceptible strain, but treatment of the bait-selected strain (DEA) with doxycycline shifted the composition of the microbiota towards one that more closely resembled that of the susceptible strain **([Fig 3C](#pone.0207985.g003){ref-type="fig"})**. The aforementioned patterns were apparent even when highly abundant Gammaproteobacteria were not considered **([S2 Fig](#pone.0207985.s002){ref-type="supplementary-material"})**.

Fecal transplant increases insecticide resistance in susceptible cockroaches {#sec014}
----------------------------------------------------------------------------

Having implicated variation in the gut microbiota as a potential contributor to insecticide resistance, we sought to determine whether resistance could be recapitulated by transfer of microbes from the gut of the resistant, bait-selected strain to the susceptible strain **([Fig 4A](#pone.0207985.g004){ref-type="fig"})**. We hypothesized that this transfer could be accomplished by supplementing cockroaches with conspecific feces. Indeed, when susceptible cockroaches were fed feces obtained from a colony of resistant counterparts prior to insecticide treatment, mortality after 4 days of exposure to a gel bait containing indoxacarb was decreased relative to groups fed feces from their own susceptible colony as a control (**[Fig 4B](#pone.0207985.g004){ref-type="fig"}**, ANOVA, n = 3, P = 0.008). Sequencing of the gut microbiota of susceptible roaches transplanted with feces from the resistant, bait-selected strain further revealed that fecal transplant significantly altered the distribution of microbial taxa (chi-square, P\<0.001) and introduced a number of unique assigned taxa that were not previously present **([Fig 4C and 4D](#pone.0207985.g004){ref-type="fig"})**. In particular, the abundance of Bacteroidia appeared to expand, while Clostridia and Deltaproteobacteria, which are present in the resistant strains but negligible in the susceptible strain, were detected at augmented levels. Therefore, microbiota-mediated resistance can be partially recapitulated in susceptible cockroaches through a transfer of gut microbes that occurs during coprophagy.

Inhibition of glutathione-S-transferase prevents the effect of doxycycline on indoxacarb toxicity {#sec015}
-------------------------------------------------------------------------------------------------

Experiments involving the incubation of indoxacarb in bacterial cultures derived from cockroach feces produced no evidence of direct detoxification by these microbes **([S3 Fig](#pone.0207985.s003){ref-type="supplementary-material"}).** We instead hypothesized that the gut microbiota may confer insecticide resistance through indirect detoxification, by enhancing the expression or activity of endogenous host detoxification pathways. This hypothesis was tested by inhibiting several key enzymes involved in xenobiotic metabolism. When we incorporated the glutathione-S-transferase (GST) inhibitor diethyl maleate (DEM) into gel baits containing indoxacarb, mortality in resistant, bait-selected cockroaches (DEA) exposed to the baits was equal regardless of whether or not the bait contained doxycycline **([Fig 5A](#pone.0207985.g005){ref-type="fig"}**, ANOVA, n = 3, P = 0.093). These results were inconsistent with those obtained in the same strain without GST inhibition **([Fig 1](#pone.0207985.g001){ref-type="fig"})**. In other words, inhibition of GST prevented doxycycline-mediated enhancement of indoxacarb toxicity against resistant cockroaches. However, in the context of cytochrome P450 inhibition using PBO, the effects of doxycycline were conserved, as addition of antibiotic to indoxacarb gel baits increased toxicity in the resistant, bait-selected strain relative to baits containing indoxacarb alone **([Fig 5B](#pone.0207985.g005){ref-type="fig"}**, ANOVA, n = 3, P = 0.003). In contrast to GST inhibition, these results were consistent with the effects of doxycycline on indoxacarb toxicity in the same cockroaches not treated with inhibitors.

Perturbation of the microbiota adversely affects reproductive fitness {#sec016}
---------------------------------------------------------------------

Insecticide resistance is propagated through a cockroach population because individuals that are able to survive insecticide exposure gain a reproductive advantage over susceptible insects in an environment where insecticide is present. At the same time, when the pressure of insecticide selection is removed, resistance is often accompanied by one or more fitness costs. Thus, our study also examined several life history parameters as a readout for the reproductive fitness of antibiotic-treated cockroaches, to determine if the microbiota is also involved in this evolutionary aspect of resistance **([Fig 6](#pone.0207985.g006){ref-type="fig"}).** From the time of hatching from the ootheca, control cockroaches took an average of 41.5 days to reach adulthood **([Fig 6A](#pone.0207985.g006){ref-type="fig"})**. Meanwhile, cockroaches continuously exposed to doxycycline took an average of 98.5 days, a statistically significant increase of more than 2-fold (Mantel-Cox Log rank, P\<0.0001). When adults from each treatment group were weighed, additional differences were apparent **([Fig 6B](#pone.0207985.g006){ref-type="fig"})**. Both males (0.038g vs 0.027g/insect) and females (0.06g vs 0.038g/insect) treated with antibiotic were significantly smaller in size when compared to control cockroaches (t-test, P\<0.05). Antibiotic treatment further led to a marked drop in fecundity relative to controls **([Fig 6C](#pone.0207985.g006){ref-type="fig"}**, 33.5 vs 8.6 viable eggs/ootheca, t-test, P\<0.05). Interestingly, while short-term doxycycline treatment had an effect on the gut microbiota **([Fig 3](#pone.0207985.g003){ref-type="fig"})**, it did not rapidly remove *Blattabacterium*. Rather, *Blattabacterium* was detectable by PCR throughout the lifespan of cockroaches treated with antibiotic. Only during oogenesis did *Blattabacterium* appear to be fully eliminated, as it was not present in the offspring of antibiotic-treated cockroaches **([Fig 6D](#pone.0207985.g006){ref-type="fig"} and [S4 Fig](#pone.0207985.s004){ref-type="supplementary-material"})**. Taken together these results indicate that the microbial community in the gut is not only directly involved in the physiological response to insecticide, but also contributes to reproductive fitness, likely in combination with *Blattabacterium*-mediated effects.

Discussion {#sec017}
==========

In the present study, we reveal that the microbiota of the German cockroach contributes to resistance to an oxadiazine sodium channel blocker, as well as multiple aspects of the insect's life history. These results significantly advance current knowledge of the cockroach microbiota and the development of insecticide resistance from the biochemical to the evolutionary level.

At the core of our findings are two key observations: (1) microbial regulation of resistance to indoxacarb is specific to select, field-derived laboratory cockroach colonies, and (2) microbial regulation of resistance applies only to orally administered insecticide. These two stipulations indicate that resistance is not mediated by the fat body endosymbiont, *Blattabacterium*, which is present in all German cockroach strains and does not localize to the gut \[[@pone.0207985.ref041]\]. They also argue against the involvement of off-target antibiotic effects on host physiology. Instead, the ability of antibiotic treatment to increase the toxicity of indoxacarb in certain cockroach strains appears to be due to its effects on bacteria that are present in the gut of resistant, but not susceptible cockroaches. Sequencing of the gut microbiota of susceptible and resistant strains indeed revealed key differences between the two communities. Notably, the diversity of the microbiota was substantially lower in the susceptible Orlando strain that was colonized \>60 years ago, suggesting that some microbial species and their respective functions may have been lost as part of long-term laboratory adaptation process. A specific, causative agent of resistance was not pin-pointed, but across our experiments there appeared to be a correlation with the presence of Deltaproteobacteria and Clostridia \[[@pone.0207985.ref042]\], which are known to be involved in the response to xenobiotics in the mammalian gut. Alternatively, it may be that resistance is not caused by the presence of a singular taxa or species, but rather depends on the overall diversity and/or composition of the microbiota and its metabolic dynamics that are disrupted during dysbiosis caused by antibiotic treatment \[[@pone.0207985.ref043]\]. Testing for microbe-mediated resistance using antibiotics with varied spectra of activity in both indoxacarb resistant strains and strains that are resistant to other insecticides may help determine the prevalence of this phenomenon as well as the bacteria responsible.

As it stands, the mechanism for microbe-mediated resistance to indoxacarb in the German cockroach has not been fully elucidated. It is possible that exposure to the insecticide may select for insects that harbor gut microbes that contribute to survival under this pressure. Similar shifts in the composition of the gut microbiota have been reported in aphids following treatment with spirotetramat \[[@pone.0207985.ref044]\]. Our fecal transplant experiments demonstrate that shifts in the microbial community of the gut, along with associated resistance traits, can be passed between individuals through coprophagy. These results support recent work evidencing vertical transmission of the microbiota via coprophagy in *B*. *germanica* \[[@pone.0207985.ref023], [@pone.0207985.ref040]\], and expand the significance of this behavior to include a putative role in the propagation of insecticide resistance. Intriguingly, we found no evidence of direct detoxification of indoxacarb by bacteria cultured from the feces of resistant cockroaches. It should be noted, however, that these assays only examined the effects of culturable bacteria in liquid LB media. Thus, the possibility remains that some microbes that are fastidious, anaerobic, or of low abundance contribute to direct detoxification of indoxacarb *in vivo* \[[@pone.0207985.ref045]\].

A more probable mechanism involves indirect detoxification of indoxacarb by cells of the gut (i.e. detoxification through endogenous host pathways induced by the microbiota). In the German cockroach, indoxacarb undergoes cytochrome P450-dependent biotransformation that influences its toxicity \[[@pone.0207985.ref046]\]. In our experiments, inhibition of this process using the synergist PBO did not affect microbe-mediated resistance. On the other hand, when GST-dependent metabolism was blocked using DEM, microbe-mediated resistance was reversed, suggesting that the microbiota boosts either GST gene expression or enzymatic activity, thereby contributing to detoxification. Indoxacarb resistance has been linked to GST activity in other insects, supporting this conclusion \[[@pone.0207985.ref047]\]. Moreover, in the mosquito *Anopheles stephensi*, symbiotic bacteria from the midgut can alter GST activity \[[@pone.0207985.ref048]\]. Therefore, the effects of the microbiota on GST in the cockroach gut should be explored further using molecular methods to determine if specific bacterial metabolites play a role in its function.

In addition to affecting insecticide resistance, we show that antibiotic treatment changes cockroach development and reproduction. However, because effects on life history are conserved in the susceptible cockroach strain, the microbes involved in this biology are almost certainly different from those that mediate insecticide resistance. Whether the effects of doxycycline on *Blattabacterium*, which may provide nutritional benefits to these causes \[[@pone.0207985.ref026],[@pone.0207985.ref049]\], contribute to the phenotypes we observed is unclear given the unusual kinetics of *Blattabacterium* in response to antibiotic treatment. That is, while we and others \[[@pone.0207985.ref023]\] show that *Blattabacterium* endosymbionts do not appear to be killed by antibiotic exposure except during their transit to the developing oocyte, it is difficult to rule out sub-lethal antibiotic effects on these microbes that may impact their metabolic status. It is highly probable that the microbial community in the gut is involved in regulating metabolic rate, as in the American cockroach \[[@pone.0207985.ref050]\]. Because this community is efficiently targeted by doxycycline treatment, it is a more likely contributor to life history. Although the pathways by which the microbiota affects life history traits remain unknown, our studies lay a foundation for future work in this area. Of additional interest is the potential involvement of endosymbionts besides *Blattabacterium*, such as *Wolbachia*, which have been detected in a small percentage of German cockroach populations but remain understudied in this insect \[[@pone.0207985.ref051]\]. Regardless of the particular microbes involved, the above findings have important implications. By affecting reproduction and development, the microbiota could influence the growth of resistant populations under insecticide selection pressure and also explain the fitness costs commonly associated with resistance outside of this context \[[@pone.0207985.ref052]\]. That is, under exposure to insecticide, the microbial community in the gut may be altered. At the individual level, we show that these shifts can contribute to physiological resistance. Simultaneously, alterations in the microbiota may, depending on environmental pressure, increase or decrease reproductive fitness leading to changes at the population level.

The relevance of our results to the control of resistant cockroach infestations outside the laboratory ultimately remains to be determined, as the impact of microbe-mediated resistance is likely to be dependent on interactions with other more prevalent host mechanisms of resistance. Moreover, the microbiome of field-collected cockroaches was found to be more variable than that of insects raised in the lab \[[@pone.0207985.ref040]\], and this variation may affect microbe-mediated resistance. No less, if the phenomenon presented here is confirmed in field populations, the approach of targeting commensal bacteria shows strong promise as a tool for integration into cockroach IPM programs. While our results suggest that this strategy is unlikely to be effective in boosting the toxicity of contact insecticides, antibacterial compounds can be easily incorporated into readily consumed bait products and their delivery through this route would require minimal effort but could substantially improve control with ingested active ingredients. Notably, a two-pronged approach that targets resistant populations by simultaneously enhancing insecticide efficacy and stunting the growth of insects that survive insecticide exposure represents a novel strategy for cockroach management.
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###### Doxycycline reduces consumption of gel baits by cockroaches.

Customized gel baits containing indoxacarb alone (0.05%) or in combination with doxycycline (0.5%) were placed side-by-side in experimental arenas and consumption over a 4-hour period was determined by weight. The experiment was independently replicated 3 times using arenas with varied cockroach densities.

(TIF)

###### 

Click here for additional data file.

###### Gut microbiota composition excluding Gammaproteobacteria.

Reads assigned to the Class Gammaproteobacteria were excluded from analysis and the relative abundance of the remaining taxa was determined.

(TIF)

###### 

Click here for additional data file.

###### Incubation with fecal bacteria does not reduce the toxicity of indoxacarb.

Cultures of *E*. *coli* (control) or fecal bacteria from the bait-selected, resistant strain (DEA) were grown overnight in liquid LB containing 1 mg/ml indoxacarb and used in place of water to formulate customized gel baits with a final indoxacarb concentration of 0.05%. Susceptible cockroaches (ORL) were exposed to baits and mortality was assessed over a period of 4 days. N = 3 replicates of 50 insects.

(TIF)

###### 

Click here for additional data file.

###### Original images of gels used in [Fig 6](#pone.0207985.g006){ref-type="fig"} of the manuscript.

(TIF)

###### 

Click here for additional data file.

###### Raw sequence statistics.

(DOCX)
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Click here for additional data file.

###### Supplementary materials & methods.

(DOCX)

###### 

Click here for additional data file.
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